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Abstract Experiments have been performed to prove the
existence and the functionality of the novel mevalonate
independent 1-deoxyxylulose 5-phosphate isoprenoid biosyn-
thesis pathway in cyanobacteria. For this purpose, a segment
of the 1-deoxyxylulose 5-phosphate synthase gene (dxs) was
amplified from Synechococcus leopoliensis SAUG 1402-1 DNA
via PCR using oligonucleotides for conserved regions of dxs.
Subsequent hybridization screening of a genomic cosmid library
of S. leopoliensis with this segment has led to the identification of
an 18.7 kbp segment of the S. leopoliensis genome on which a dxs
homologous gene and two adjacent open reading frames
organized in one operon could be localized by DNA sequencing.
The three genes of the operon were separately expressed in
Escherichia coli, proving that the identified cyanobacterial dxs is
functionally involved in the formation of dimethylallyl diphos-
phate, one basic intermediate of isoprenoid biosynthesis.
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1. Introduction
Recently, it has been found that heterotrophic bacteria syn-
thesize isoprenoids following a pathway totally di¡erent from
the classical mevalonate pathway [1,2]. In the novel pathway,
glyceraldehyde 3-phosphate and pyruvate are the substrates
for an initial transketolase reaction resulting in 1-deoxyxylu-
lose 5-phosphate [2]. This reaction was also identi¢ed in plants
and green algae and was found to occur mainly exclusively in
the chloroplasts. In contrast, the isoprenoids in the cytoplasm
of plant cells are synthesized via the classical mevalonate
pathway [3^8]. The genes responsible for the 1-deoxyxylulose
5-phosphate synthase (Dxs) were ¢rst sequenced and function-
ally analyzed for Escherichia coli and for Mentha piperita
[9,10]. 1-Deoxyxylulose 5-phosphate is not only the precursor
for chloroplastic and bacterial isoprenoid biosynthesis but is
also involved in thiamine and pyridoxol synthesis [11,12]. Also
a gene from E. coli was isolated, encoding an enzyme which is
functionally involved in the subsequent ¢rst reduction and
isomerization step of 1-deoxyxylulose 5-phosphate [13,14].
This gene could subsequently be identi¢ed in Mentha and
Arabidopsis [15,16]. However, no other genes for enzymes cat-
alyzing the further reductions and phosphorylation to form
dimethylallyl diphosphate (DMADP) or isopentenyl diphos-
phate, the common precursors of all isoprenoids, are known.
Possibly, the alternative pathway entered the plant via the
green bacterial chloroplast ancestor according to the endo-
symbiont theory. Therefore, also the blue-green cyanobacteria
commonly accepted as chloroplast-related organisms should
synthesize their isoprenoids via this mevalonate independent
pathway. The existence of this pathway in Synechocystis sp.
PCC 6714 was concluded from 13C-labelling studies [17].
Therefore, it was intended in the present work to isolate genes
involved in this novel pathway from the unicellular cyanobac-
terium Synechococcus leopoliensis ( = Anacystis nidulans) and
to prove the functional involvement of these genes in the
biosynthesis of DMADP.
2. Materials and methods
2.1. Strains and plasmids
Derivatives of pUC18 (Gibco BRL, Berlin, Germany), pCRII (In-
vitrogen Corporation, San Diego, CA, USA), pQE50 (Qiagen, Hilden,
Germany) and the cosmids of the gene library were ampli¢ed in E. coli
TG1 [18].
2.2. Oligonucleotides and polymerase chain reaction (PCR)
Synthesized oligonucleotides (Roth, Karlsruhe, Germany) were
used for the PCRs and for cycle sequencing in a thermocycler (Person-
al cycler, Biometra, Go«ttingen, Germany). The designed oligonucleo-
tides for the ampli¢cation of a segment of the dxs gene and for the
expression fusions of the genes in pUC18 and pQE50 were
1for: 5P-GTG ATC TGG GAT GTG GGA CAC CAG GCG
TAT CC-3P
1rev: 3P-CGA CCA TAG CAC CCC CGC CTA CCC GGG
TGG-5P
2for: 5P-G TTG CGC GTC TTG AAT TCC ACC GGA GGA
CGT CT-3P
2rev: 3P-CGA ACT CAT CGC GTT CGA ACT GAC GCC GAA
G-5P
3for: 5P-AGC GCG ATC GTG GGA TCC GCT TCT GAG
ACC-3P
3rev: 3P-GTA CAG CGG ATT TCG AAC CGA CTT CTA
ACG-5P
4for: 5P-GCC AAG TCA TGG AGC TCA AAC CTT GGC TGA
AG-3P
4rev: 3P-GAT CTG AAC CGA ACT TCG AAG TAG TGG
ACG-5P
These oligonucleotides were used in a PCR reaction with 36 circles
(60 s denaturation at 94‡C, 60 s annealing at 58‡C, 90 s polymer-
ization at 72‡C) in a volume of 50 Wl containing Taq-polymerase
(Gibco BRL), 2 U, 10UTaq-polymerase bu¡er (Gibco BRL),
0.25 Wmol MgCl2, 50 pmol of each oligonucleotide, 50 ng genomic
DNA of S. leopoliensis or DNA of pCR227.
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2.3. Construction of a genomic library of
S. leopoliensis SAUG 1402-1
Isolated genomic DNA of S. leopoliensis was partially digested by
XhoI and ligated into a XhoI-digested broad host range cosmid
pVK100 [19]. These cosmids were in vitro packaged into lambda
particles (Gigapack III Gold Packaging Extract, Stratagene, Amster-
dam, The Netherlands) and were used to infect E. coli TG1 [18]. 1384
TcR KmS separate clones were obtained harboring mainly 12^30 kbp
segments of the S. leopoliensis genome.
2.4. DNA sequencing
Overlapping restriction fragments of pCR227 were cloned in pCRII
or pUC18 and cycle sequencing dideoxy chain termination reactions
with Big Dye Terminators (PE Applied Biosystems, Weiterstadt, Ger-
many) and the universal forward primer (Gibco BRL), the universal
backward primer (Gibco BRL) or sequence speci¢c oligonucleotides
were performed for both strands (see Fig. 2). The sequence was ana-
lyzed on an ABI PRISM-System 310 (PE Applied Biosystems). The
EMBL, GenBank and DDBJ accession number of the complete 5802
bp DNA sequence is Y18874.
2.5. Determination of DMADP in E. coli cells
To measure the amount of DMADP in bacterial cells, 5 ml of an
overnight pre-culture grown in LB medium was inoculated into 100 ml
M9 medium [20] and incubated for 16 h at 37‡C. After this period,
50 ml fresh M9 medium and neutralized pyruvate (¢nal concentration
1 mM) were added and incubation was continued for 3 h. Pyruvate
was added, as it can quickly enter the cells and thus increase one of
the substrate concentrations of the Dxs. Cells were sedimented at
10 000Ug and washed once with 50 mM CaCl2. Fifty mg of the pellet
was ¢lled into a 2 ml gas-tight, clear crimp seal vial (Supelco, Belle-
fonte, USA) and the vial was sealed immediately. Determination of
DMADP was performed by the detection of isoprene after acidic
release of the diphosphate group of DMADP [21]. For this purpose,
the pellet in the vials was acidi¢ed by addition of 500 Wl of 0.5 M
H2SO4. The vial was then heated at 70‡C for 2 h and the isoprene
released from DMADP was assayed as described [22].
3. Results and discussion
3.1. Ampli¢cation of a segment of the dxs gene
In order to identify and analyze the dxs gene from cyano-
bacteria, analysis of conserved regions in the dxs gene of
E. coli [9] and related sequences of hypothetical proteins in
Bacillus subtilis and Synechocystis sp. PCC 6803 was per-
formed. This led us to design suitable oligonucleotides (1for,
1rev; see Section 2) to amplify a 1085 bp segment of S. leo-
poliensis SAUG 1402-1 DNA in a PCR reaction. The deduced
amino acid sequence of the sequenced segment shared 51.3%
identity with the Dxs of E. coli [9]. It was proven by hybrid-
ization that the ampli¢ed segment originated from the chro-
mosomal DNA of S. leopoliensis (Fig. 1). Positive hybrid-
ization signals were also detected when chromosomal DNA
of Anabaena variabilis ATCC 29413 was used, indicating that
the gene is also present in ¢lamentous cyanobacteria.
3.2. Identi¢cation of dxs-carrying cosmids in a genomic cosmid
library of S. leopoliensis
The ampli¢ed dxs segment was labelled with digoxigenin
and used to screen a gene library of XhoI fragments of S.
leopoliensis SAUG 1402-1 in pVK100. Fifteen of 1384
screened clones showed positive hybridization signals. A re-
striction map of one of these cosmids, pAN227, carrying an
18.7 kbp insert of the S. leopoliensis genome was established
(Fig. 2). The hybridization pattern for EcoRI, HindIII and
XhoI corresponded with the hybridization pattern of the chro-
mosomal DNA (Fig. 1). Because of these identical hybridiza-
tion patterns, it was concluded that the identi¢ed cosmid
pAN227 indeed represented an original segment of the
S. leopoliensis genome. The region responsible for the hybrid-
ization signal could be localized on a 5.8 kbp EcoRI/HindIII
segment of cosmid pAN227 (Fig. 2) by additional hybridiza-
tion experiments (not shown).
3.3. Sequencing of the locus and identi¢cation of four open
reading frames (ORFs)
After subcloning the 5.8 kbp EcoRI/HindIII segment into
pCRII (pCR227), the segment was sequenced using subclones
and speci¢c oligonucleotides (Fig. 2). Three adjacent ORFs
(ORF1, ORF2 and ORF3) were identi¢ed from position
1576 to 5439 of the total sequence. ORF1 with an ATG start
codon at position 1576 and a TGA stop codon at position
3484 encoded a 633 amino acid protein. Eleven bases after the
stop codon of ORF1, ORF2 starts with a GTG at position
3498 and stops at position 4749 with a TAA. The usage of the
seldom start codon GTG has also been described for hypA of
S. leopoliensis (EMBL no. X97797). Eight bp overlapping to
ORF2 at position 4741, ORF3 starts with an ATG and stops
at position 5437 with a TGA. As there is only a 11 bp gap in
between ORF1 and ORF2 and an 8 bp overlap between
ORF2 and ORF3, the three ORFs putatively belong to one
operon. 772 bp upstream of the operon at position 804, an-
other ORF (ORF4) starts in the opposite direction. In the
772 bp region between ORF4 and the operon as well as in
the sequenced 363 bp after the operon, no other coding re-
gions were detected. All ORFs were preceded by putative
ribosome binding sites [23] 11^19 bp upstream of the start
codons (ORF1, GGAGGA; ORF2, GAG; ORF3, GGAGG;
ORF4, GAAGAG).
Fig. 1. Hybridization of a dxs segment of S. leopoliensis to digested
genomic DNA of S. leopoliensis and A. variabilis. (A) Agarose gel
of digested and undigested genomic DNA of S. leopoliensis and
A. variabilis. (B) Southern blot hybridized with a 1.1 kbp ampli¢ed
segment of the dxs gene of S. leopoliensis. Lanes: 1 = 1 kbp ladder
(Gibco BRL, Berlin, Germany), 2 = EcoRI digest of S. leopoliensis
DNA, 3 = HindIII digest of S. leopoliensis DNA, 4 = XhoI digest of
S. leopoliensis DNA, 5 = undigested genomic DNA of S. leopoliensis,
6 = EcoRI digest of A. variabilis DNA, 7 = HindIII digest of A. vari-
abilis DNA, 8 = SalI digest of A. variabilis DNA, 9 = XhoI digest of
A. variabilis DNA, 10 = undigested genomic DNA of A. variabilis.
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3.4. Homology of the deduced ORF1 to Dxs
The deduced amino acid sequence of ORF1 showed 45.6%
identical residues to the Dxs of E. coli [9] (Fig. 3). The highest
similarity (74.7% identity) was detected to a hypothetical pro-
tein (sll1945) of the cyanobacterium Synechocystis sp. which,
however, is not organized in an operon as found for the
S. leopoliensis gene [24]. The deduced amino acid sequence
of ORF1 showed similarity (46.0% identity) to the eukaryotic
Dxs of M. piperita [10] as high as to the E. coli sequence,
indicating the close relationship between cyanobacteria and
chloroplasts. The consensus thiamine pyrophosphate binding
motive was conserved in all of the sequences [25]. Analogous
to these highly homologous sequences, ORF1 was designed
dxs.
3.5. Homology of the deduced ORF2 to a hypothetical protein
in Synechocystis sp.
The deduced ORF2 peptide sequence showed the highest
similarity (38.0% identity) to the hypothetical protein
slr1998 of the Synechocystis genome [24] which is located
far away from the putative dxs single gene operon of this
organism (Fig. 4). Next, a weaker similarity (21.1%) was de-
tected to the chlP gene product of Synechocystis sp. PCC
6803, which catalyzes the stepwise reduction of geranylgera-
niol to phytol during chlorophyll a biosynthesis [26]. Because
of this homology and because of the location in an operon
just behind the dxs, the ORF2 gene product of Synechococcus
is possibly also a reductase involved in isoprenoid biosynthe-
sis. However, ORF2 of Synechococcus had no homology to
ORF3 of E. coli (Fig. 4), which was found in an operon just
behind the dxs of E. coli [9] and was also supposed to be a
reductase in the isoprenoid biosynthesis as it showed homol-
ogy to the aldo-keto reductase superfamily [27]. No homology
was found between ORF2 of Synechococcus and the gene
located behind the putative dxs of B. subtilis (Fig. 4). In ad-
dition, no homology was detected to the 1-deoxyxylulose
5-phosphate reductoisomerase of E. coli, catalyzing the next
step in the isoprenoid biosynthesis after the Dxs in bacteria
[13].
3.6. Homology of the deduced ORF3 to a hypothetical protein
in Synechocystis sp.
Similarity (48.7%) of the deduced ORF3 amino acid se-
quence was found to a hypothetical protein slr1679 of Syne-
chocystis sp. PCC 6803 [24]. However, in Synechocystis, the
corresponding gene is located far away from the dxs-like gene
and also far away from the above mentioned locus of sll1998,
which is a signi¢cant di¡erence in the organization of these
genes in the cyanobacteria Synechocystis and S. leopoliensis,
where the dxs, ORF2 and ORF3 are organized in one operon.
ORF3 does not show similarity to any of the genes found in
the dxs operon (Fig. 4) of E. coli [9].
3.7. Homology of the deduced ORF4 and leuA gene products
The highest similarity (69.8%) of the deduced ORF4 poly-
peptide sequence was found to the putative leuA gene product
of Synechocystis sp. PCC 6803. leuA encodes the 2-isopropyl-
malate synthase which catalyzes the ¢rst step in the leucine
biosynthesis. As the deduced ORF3 sequence also showed
signi¢cant similarity to leuA gene products of other bacteria
such as E. coli and B. subtilis, the gene from S. leopoliensis
was designed leuA.
3.8. Construction of expression fusions of the identi¢ed dxs
operon
In order to prove the functional involvement of the identi-
¢ed dxs operon of S. leopoliensis in the biosynthesis of iso-
prenoids, an EcoRI, a BamHI or a SstI site was introduced at
the beginning of ORF1, ORF2 and ORF3 and a HindIII site
Fig. 2. Physical map of the 18.7 kbp insert pAN227, the subcloned
5.8 kbp insert of pCR227 with the localized ORFs and the expres-
sion constructions in pUC18 and pQE50. Below the map of
pAN227, identi¢ed ORFs are indicated by open arrows and the se-
quencing strategy is given by black arrows. An ‘o’ indicates se-
quencing reactions started by a sequence speci¢c oligonucleotide.
The given restriction enzymes are: B = BamHI, E = EcoRI, H =
HindIII, K = KpnI, Nr = NruI, No = NotI, P = PvuII, Sa = SalI, Sc =
ScaI, Sp = SphI, X = XhoI.
Table 1
DMADP content of transconjugant E. coli strains
E. coli strain OD600 nm DMADP (pmol/mg cells)
3 IPTG + IPTG
TG1 wild-type 1.38 þ 0.13 0.21 þ 0.05 0.23 þ 0.04
TG1 (pUC18) 1.02 þ 0.14 0.40 þ 0.19 0.27 þ 0.05
TG1 (pQE50) 1.35 þ 0.11 0.17 þ 0.03 0.14 þ 0.03
TG1 (pUC227ORF1) 0.90 þ 0.06 2.24 þ 1.00 2.79 þ 0.77
TG1 (pUC227ORF1-2) 0.30 þ 0.16 0.31 þ 0.04 0.57 þ 0.07
TG1 (pQE227ORF2) 1.35 þ 0.25 0.23 þ 0.05 0.14 þ 0.07
TG1 (pQE227ORF3) 1.40 þ 0.16 0.12 þ 0.03 0.10 þ 0.02
The DMADP content was determined by gas chromatography after acid hydrolysis into isoprene in 50 mg sediments of overnight liquid cul-
tures grown in minimal glucose containing M9 medium supplemented with 1 mM pyruvate. In order to monitor growth, the OD600 nm of the
overnight culture was determined from a separate aliquot before centrifugation.
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after the end of the dxs gene by a PCR reaction using the
oligonucleotides 2for, 2rev, 3for, 3rev, 4for and 4rev (see Sec-
tion 2). This allowed for the cloning of the di¡erent ORF
behind the lacZ promoter of pUC18 or pQE50, which was
proven by DNA sequencing (pUC227ORF1, pUC227ORF1-
2, pQE227ORF2, pQE227ORF3, see Fig. 2).
3.9. Monitoring the DMADP content of E. coli strains
harboring expression fusions of the identi¢ed dxs operon
IDP and the isomeric DMADP are the central intermedi-
ates of the isoprenoid biosynthesis from which all other iso-
prenoids in the cell derive. With the aim to prove the involve-
ment of the identi¢ed cyanobacterial dxs operon in isoprenoid
biosynthesis, the DMADP content of transconjugant E. coli
strains harboring either pUC18, pQE50 without insert or the
plasmids pUC227ORF1, pUC227ORF1-2, pQE227ORF2 or
pQE227ORF3 with partial inserts of the dxs operon fused to
the IPTG dependent lacZ promoter of the vectors was ana-
lyzed. The level of DMADP in wild-type E. coli TG1 as well
as in the transconjugant with the insertless pUC18 or pQE50
was comparably low at 0.14^0.40 pmol/mg cells (Table 1).
Introduction of pUC227ORF1 carrying exclusively cyanobac-
terial dxs led to an approximately 5^8 times increase in the
cellular DMADP content, indicating the functionality of
ORF1 as dxs gene. However, this stimulation was visible al-
ready with the groundlevel expression of the gene. Induction
by external IPTG resulted only in a slight additional increase
in the DMADP content which is probably due to the fact that
one of the 4^5 enzymes in the chain from DXP to DMADP is
limiting further enhancement of DMADP synthesis. However,
Fig. 3. Comparison of the deduced amino acid sequences of dxs genes. Sequences shown in the alignment are from E. coli (Ec_dxs.pep,
P77488), M. piperita (Mp_dxs.pep, G3114573), Synechocystis sp. PCC 6803 (Sn_sll1945, P73067) and from S. leopoliensis (Sl_dxs.pep, this
work). The calculated (ClustalW version 1.74) identities (*), conservative exchanges (:) and similarities (.) in all four sequences are shown below
the alignment. The putative thiamine diphosphate binding site is underlined. Amino acid residues identical to the S. leopoliensis sequence are
marked in gray.
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the fact that the DMADP synthesis could be stimulated by the
introduction of dxs expression fusion indicates that the Dxs is
one of the rate limiting enzymes in the biosynthesis of iso-
prenoids, at least in bacteria. Moreover, the increased amount
of DMADP indicated that the pathway from DXP to
DMADP is not feedback-inhibited by one of the products
of the pathway. In a quite recently published work, the dxs
gene of Synechocystis sp. 6803 was cloned into a lycopene
producing E. coli strain in order to monitor the enhancement
of isoprenoid biosynthesis [28] via the measurement of the C40
isoprenoid lycopene. In contrast to the 5^8 times increased
DMADP amount observed in the strains with the cloned
dxs of the present study, these authors could only observe
an increment by a factor of two in the lycopene concentration
of their transconjugant strains probably due to the fact that
the biosynthesis of lycopene includes a series of additional
enzymatic steps after the biosynthesis of DMADP from DXS.
The expression of the construct harboring ORF1 in combi-
nation to ORF2 somehow in£uences growth (Table 1). In all
attempts made, this strain grew signi¢cantly slower and there-
fore, the DMADP content is not comparable to that of the
other strains. Thus, it is slightly enhanced as compared to the
DMADP content of the insertless plasmid containing strains
by a factor of two at the highest. Because of the slower
growth, ORF2 seems to be expressed in this fusion. However,
the expressed polypeptide or the product of the resulting en-
zyme might cause reduced growth. In addition, introduction
of pQE227ORF2 carrying an expressible copy of ORF2 did
not in£uence the DMADP content of the cells compared to
the wild-type. The same was true for ORF3. Therefore, a
direct involvement of ORF2 and ORF3 in the biosynthesis
of DMADP cannot be gathered from the present experiments.
From these expression studies, it can be clearly concluded
that the identi¢ed ORF1 is indeed encoding the dxs gene. This
is the ¢rst clear-cut proof that this gene is functionally in-
volved in the basic reactions of isoprenoid biosynthesis even
in the phototrophic cyanobacteria. This is also a hint that the
non-mevalonate pathway found in chloroplasts has probably
entered the plant cell ancestor via the green symbiont and the
dxs was subsequently integrated in the nucleus [10].
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